It has been suggested that sleep provides additional enhancement of visual perceptual learning 20 (VPL) acquired before sleep, termed offline performance gains. A majority of the studies that 21 found offline performance gains of VPL used discrimination tasks including the texture 22 performance gains occur by a nap. Also, we tested whether spontaneous sigma activity in early 32 visual areas during non-rapid eye movement (NREM) sleep, previously implicated in offline 33 performance gains of TDT, was associated with offline performance gains of the task. A 34 different group of subjects had a nap with polysomnography. The subjects were trained with the 35 task before the nap and re-tested after the nap. The performance of the task improved 36 significantly after the nap only on the trained orientation. Sigma activity in the trained region of 37 early visual areas during NREM sleep was significantly larger than in the untrained region, in 38 correlation with offline performance gains. These aspects were also found with VPL of TDT. 39
discrimination task (TDT). This makes it questionable whether offline performance gains on 23 VPL are generalized to other visual tasks. The present study examined whether a Gabor 24 orientation detection task, which is a standard task in VPL, shows offline performance gains. In 25 Experiment 1, we investigated whether sleep leads to offline performance gains on the task. 26
Subjects were trained with the Gabor orientation detection task, and re-tested it after a 12-hr 27 interval that included either nightly sleep or only wakefulness. We found that performance on the 28 task improved to a significantly greater degree after the interval that included sleep and 29 wakefulness than the interval including wakefulness alone. In addition, offline performance 30 gains were specific to the trained orientation. In Experiment 2, we tested whether offline 31 Introduction 46 47
After the initial acquisition of a skill, a learning state goes through an offline process, 48 through which further improvement on performance is achieved without actual training (Karni et 49 al., 1998; Walker, 2005) , termed offline performance gains. It has been suggested that sleep 50 plays an essential role in offline performance gains in various types of learning (Gais et However, it remains to be elucidated whether offline performance gains are generalized 68 to VPL tasks. The majority of studies which found that sleep plays a role in the performance gain 69 in VPL used the texture discrimination task (or 'TDT'), which is a standard task in VPL (Karni Bang et al., 2014) . Curiously, other studies that found offline 72 performance gains of sleep in VPL also used a discrimination task, including coarse orientation 73 discrimination (Matarazzo et al., 2008; Mascetti et al., 2013) and motion direction discrimination 74 tasks (McDevitt et al., 2014) . Importantly, it has been suggested that the underlying mechanisms 75 between a detection task and a discrimination task are significantly different (Regan and 76 Beverley, 1985; Jazayeri and Movshon, 2006; Bridwell et al., 2013) . This raises the question as 77 to whether sleep is effective on VPL in general, including a detection task, or whether the effect 78 of sleep on VPL is specific to discrimination tasks. 79
In addition, it is controversial which spontaneous brain activity during sleep is involved 80 in offline performance gains of VPL. Sleep spindles (13-16 Hz) are characteristic spontaneous 81 brain activity during non-rapid eye movement (NREM) sleep typically used for sleep stage 82 scoring and appear around the central brain regions. Sleep spindles have been shown to be 83 involved in motor memory in human (Manoach and Stickgold, 2009 (13-16 Hz) is a spontaneous oscillatory activity during sleep whose frequency corresponds to 87 sleep spindles. Since VPL is assumed to involve early visual areas, instead of typical sleep 88 spindles appearing around the central brain regions, previously we measured the strength of 89 regional sigma activity from early visual areas during sleep and found the correlation with the 90 degree of offline performance gains of TDT ). In the current study, we tested 91 whether regional sigma activity in early visual areas is also involved in offline performance gains 92 of the Gabor orientation detection task. 93
First, the results show that the performance on the Gabor orientation detection task 94 improved significantly after the night of sleep without any additional training. No such offline 95 performance gain was found after the same amount of interval that included only wakefulness. 96
Second, we found that offline performance gains occur after a daytime nap as well. Moreover, 97 sigma activity was significantly larger in the trained region than in the untrained region in early 98 visual areas. The performance improvement over the nap significantly correlated with the power 99 of sigma activity in the trained region of early visual areas. The present results suggest that 100 offline performance gains occur not only a discrimination task but also in a detection task, and 101 that sigma activity in the trained region of early visual areas during sleep may play a common 102 role in offline performance gains of VPL. 103 104
Material and Methods 105
Participants 106
We conducted a careful screening process for eligibility for participation, since various 107 factors are known to influence visual sensitivity and sleep structures. All the subjects had no 108 prior experience in VPL tasks, as experiences in VPL tasks may cause a long-term visual 109 sensitivity change (Karni and Sagi, 1991 The subjects in the sleep group arrived at the experimental room at 9 pm. We explained how to 128 6 completion of the post-training test session, the subjects slept at their home. In the next morning 138 (9am), the subjects performed a post-interval test session. The post-interval test session lasted 139 approximately 5 min. 140
The subjects in the control wake group arrived at the experimental room at 9 am. After 141 the introduction session, they performed a pre-training test session, training session and a post-142 training test session, with 2-min break in-between. These sessions took place in the morning 143 between 9-10am ( Fig. 1A, Wake group) . At 9 pm on the same day, they performed a post-144 interval test session. No sleep was allowed during the day for the Wake group. 
Orientation detection task 198
A Gabor patch was used for the orientation detection task (Fig. 1C) . The diameter of the 199 Gabor patch was 10 degrees, presented at the center of the screen. The spatial frequency of the 200 Gabor patch was 1 cycle per degree, and the Gaussian filter sigma was 2.5 degrees. Gabor 201 patches were spatially masked by a noise pattern that was generated from a sinusoidal luminance 202 distribution at a given SNR (Shibata et al., 2017) . The average luminance of the stimulus was 203 130.7± 3.28 cd/m 2 . 204 Subjects performed the orientation detection task with a two-interval forced choice 205 (2IFC) as in previous studies (Xiao et al., 2008; Shibata et al., 2017) . Subjects were presented 206 with two types of displays. One display contained a Gaussian windowed sinusoidal grating 207 (Gabor) patch with a certain signal-to-noise ratio (SNR). The other display had only noise (0% 208 SNR). Each trial started with a 500-ms fixation interval. Two displays were presented 209 sequentially for 92 ms, with a 600-ms inter-stimulus-interval (Xiao et al., 2008; Zhang et al., 210 2010) . After the two displays were presented, subjects were asked to report which display (the 211 first or the second) contained stripes, by pressing the '1' or '2' button on a keyboard. 212
The threshold SNR was measured for each orientation. The initial SNR was set to 25%. 213
The step size of the staircase was 0.03 log units to adjust the SNR with a 2-down 1-up staircase 214 procedure, which yields about 70% accuracy. The temporal order of the two displays (a Gabor 215 patch + noise or noise alone) was randomly determined in each trial. Subjects were instructed to 216 fixate on a white bull's eye fixation point (diameter = 1.5 degrees) throughout the display 217 presentations for each trial. No feedback on the accuracy of a response was provided. 218
The orientation of the Gabor patch was 10°, 70°, or 130°. One orientation was randomly 219 selected as the trained orientation for each subject. Another orientation was randomly selected as 220 an untrained orientation. The remaining one orientation was used for the introductory session 221 (see below). In the training session, a total of 600 trials was performed in 6 blocks (each100 222 trials) with the trained orientation. The test sessions measured the threshold SNR for the trained 223 and untrained orientations, for each of which one block of staircase was performed. Each block 224 for each orientation ended after 10 reversals, which resulted in about 40 trials per orientation. 225
The geometric mean of the last 6 reversals in each block was obtained as the threshold SNR for 226 the orientation. Wilk test was conducted for all the data, by which we confirmed that all the data were normally 292 distributed (all p > 0.05). The Levene's test was conducted to test for homogeneity of variance. It 293 was confirmed that homogeneity of variance was not violated for all the data (all p > 0.05). The 294
Grubbs' test was conducted to detect outliers. No outlier data was included in the results. 295
To analyze performance improvement, ANOVA was first conducted, then t-tests were 296 conducted as post-hoc tests. When a correction for multiple comparisons was necessary for 297 multiple t-tests, we controlled the false discovery rate (FDR) (Benjamini and Hochberg, 1995) to 298 be at 0.05. To obtain correlation coefficients, Pearson's correlation was used. 299
Statistical tests were conducted by SPSS (ver. 22, IBM Corp.). 300
301
Results 302
Experiment 1 303
We hypothesized that the offline performance gains occur in the Gabor orientation 304 detection task. If this was the case, then the performance improvement over the interval should 305 be larger in the sleep group than the wake group. In addition, since the Gabor orientation 306 detection task has trained-feature specificity (Shibata et al., 2017), we hypothesized that offline 307 performance gains occur with the trained orientation, not with the untrained orientation. 308
To test whether performance improvement over the interval is larger in the sleep 309 condition, and whether the improvement was specific to the trained orientation, we conducted a 310 2-way mixed-design ANOVA with Group (sleep vs. wake) and Orientation (trained vs. 311 untrained) factors on the performance improvement at the post-interval test session. The results 312 are shown in Fig. 2 . The ANOVA indicated a significant 2-way interaction (F(1,6)=6.51, 313 p=0.043), a significant main effect of Group (F(1,6)=12.63, p=0.012) and a significant main 314 effect of Orientation (F(1,6)=16.45, p=0.007). For the trained orientation, the post-hoc tests 315 revealed that there was a significant difference in the performance improvement between the 316 sleep and wake groups but not for the untrained orientation (trained, t(6)=4.11, p=0.006, q<0.05, 317 FDR for 2 comparisons; untrained, t(6)=0.04, p=0.967). Furthermore, one-sample t-tests showed 318 that the performance improvement for the trained orientation at post-interval was significantly 319 different from 0 for the sleep group but not for the wake group (the sleep group, t(3)=7.49, 320 p=0.005, q<0.05, FDR for 4 comparisons including the following 3 one sample t-tests; the wake 321 group, t(3)=0.14, p=0.897). In contrast, the performance improvement for the untrained 322 orientation at post-interval was not significantly different from 0 for both groups (one-sample t-323 test, sleep group: t(3)=1.74, p=0.181; wake group: t(3)=2.29, p=0.106). Thus, offline 324 performance gains were found for the Gabor orientation detection task, only with the trained 325 orientation. These results were consistent with the hypotheses. 326
We performed following control analyses to rule out the possibility the difference in the 327 offline performance between the groups was caused by some factors other than the experimental 328 manipulation. 329
First, we tested whether the initial SNR threshold level was different before training 330 between the groups. However, we did not find a significant difference between the sleep and 331 wake groups in the SNR threshold in the pre-training test session (t(6)=0.07, p=0.945). 332
Next, we tested whether the training effect was different between the sleep and wake 333 groups. A 2-way mixed model ANOVA with Group (sleep vs wake) and Orientation (trained vs 334 untrained) factors was conducted on the performance improvement at the post-training test 335 session. However, there was no significant main effect of Group (F(1,6)=0.06, p=0.811), no 336 significant main effect of Orientation (F(1,6)=0.02, p=0.899), or no significant interaction 337 between the factors (F(1,6)=0.48, p=0.514) was found. The results indicate that the effect of 338 training was not significantly different between the groups. 339
Finally, we tested whether the degree of subjective sleepiness was different between the 340 sleep and the wake groups, as the sleepiness may impact on the performance of the detection task. 341
A 2-way mixed design ANOVA with Group (sleep vs wake) and Session (pre-training, post-342 training, post-interval) was conducted on the SSS ratings. None of the main effect of Group 343 (F(1,6)=0.17, p=0.695), Session (F(2,12)=3.17, p=0.079), or interaction between the factors 344 (F(2,12)=1.50, p=0.262) was significant. 345
These results indicate that the significant difference between the two groups in the 346 performance improvement over the interval at the post-interval test session cannot be attributed 347 to the initial performance, the effect of training, or subjective sleepiness. 348 349
Experiment 2 350
In Experiment 2, we tested whether offline performance gains occur with a nap in the 351
Gabor orientation detection task and investigated whether sigma activity during NREM sleep 352 was involved in offline performance gains of the task. 353
354

VPL performance 355
We first examined whether the performance on the orientation detection task was 356 improved only in the trained orientation after daytime nap. We conducted one-sample t-tests for 357 the performance changes for each of the trained and untrained orientations at the post-sleep test 358 session. The results indicated that offline performance gains occurred with the nap in the trained 359 orientation (Fig. 3) . The performance was significantly improved for the trained orientation but 360 not for the untrained orientation (trained, t(8) = 3.55, p = 0.008, q<0.05, FDR for 2 comparisons; 361 untrained, t(8) = 0.25, p = 0.811). Furthermore, a paired t-test showed that the performance 362 improvement at post-sleep was significantly different between the trained and untrained 363 orientations (t(8) = 2.79, p = 0.024). Thus, offline performance gains by nap were specific to the 364 trained orientation. 365 Importantly, the difference in the performance improvement between the trained and 366 untrained orientations was not apparent until after sleep. First, there was no significant difference 367 in the initial SNR threshold between the trained vs. untrained orientations at the pre-training test 368 session before training (t(8)=1.29, p=0.234). Second, there was no significant difference in the 369 performance improvement (%) by training at the post-training test session (t(8) = 0.65, p = 370 0.531). These indicate that the performance improvement specific to the trained orientation 371 emerged only after sleep. 372
We compared the amount of offline performance gains obtained in Experiments 1 and 2. 373
There was not a significant difference in the amount of offline performance gains between the 374 experiments (t(15)=0.14, p=0.887), while the amount of the performance gains in Experiment 2 375 was smaller than that of Experiment 1. Thus, offline performance gains were not significantly 376 different between by night sleep and by a nap. 377 378
Sigma activity during NREM sleep and the offline performance gain 379
We tested the hypothesis that sigma activity was involved in the offline performance gain 380 of the detection task in a trained region specific manner. First, we obtained sigma activity in the 381 trained and untrained regions (see EEG analyses in Materials and Methods for more details 382
about regions). We tested whether sigma activity was larger in the trained than untrained regions. 383
We found a significant difference in sigma activity between the regions (paired t-test, t(8)=4.86, 384 p=0.001). Sigma activity was significantly larger in the trained than untrained regions. Next, we 385 tested whether trained-region specific sigma activity was correlated with the performance change 386 over sleep (from the post-training test session to the post-sleep test session, Fig. 4, see EEG  387 analyses in Materials and Methods; see Table 1 for sleep parameters for the sleep session). We 388 found a significant correlation between them (Fig. 4, r=0.74, p=0.024, n=9) . The Grubbs' test 389 indicated that there was no outlier in the data. Thus, the result was consistent with the hypothesis 390 that sigma activity was involved in the offline performance gain of the detection task in a trained 391 region specific manner. 392
We next tested whether any macroscopic sleep variables, such as the duration of each 393 sleep stage was associated with the offline performance gain (see Table 1 This made us wonder whether the subjects in Experiment 2 were actually poor sleepers, 417 and/or whether they were extreme morning-or evening types. Thus, we analyzed whether the 418 quality of subjects' habitual sleep was poor using the PSQI questionnaire (Buysse et al., 1989) , 419 and whether they were extreme morning or evening type using the MEQ questionnaire (Horne 420 and Ostberg, 1976) . The PSQI and MEQ were administered prior to sleep sessions in Experiment 421 2 ( Table 2) . 422 PSQI assesses whether subjects have a sleep problem (Buysse et al., 1989) . If the global 423 PSQI score equals or is larger than 5, this suggests that subjects have a sleep problem. However, 424 the average global PSQI score in the subjects in Experiment 2 was 2.7 ± 0.37, ranged 1-4, which 425 indicated that none of subjects was suspected of having sleep problems. In addition, based on the 426 PSQI data, we obtained the subjects' habitual bedtime, wake-up time, the average sleep-onset 427 latency, the estimated sleep duration, and the habitual sleep efficiency ( Table 2) , These scores in 428 the present subjects in Experiment 2 were considered in normal ranges (Buysse et al., 1989) . 429 MEQ assesses whether the subject is a morning type or evening type (Horne and Ostberg, 430 1976) . Such variations in the circadian timing may affect performance (Kerkhof, 1985) . The 431 average MEQ score was 55.2 ± 2.63 with the range between 46-67, which fell into the 432 intermediate type of morningness-eveningness (neither extreme morning nor evening type) 433 (Horne and Ostberg, 1976) . These results confirmed that none of the subjects had sleep problems 434 or was of extreme morning or evening type, suggesting that all the subjects had normal sleep-435 wake habits and were all good sleepers. 436
We next examined whether any of the measures of sleep habits or habitual sleep quality 437 were related to the performance change. We measured the Pearson's correlation coefficient 438 between the offline performance gain over sleep and the habitual sleep efficiency, the habitual 439 sleep duration, the global PSQI score, and MEQ score. None of these showed a significant 440 correlation with the offline performance gain (the habitual sleep duration, r=0.54, p=0.134; the 441 habitual sleep efficiency, r=0.52, p=0.150; the global PSQI score, r=0.12, p=0.763; the MEQ 442 score, r=-0.66, p=0.052, without correction for multiple comparisons). The present results demonstrated that the offline performance gain occurred with a Gabor 446 orientation detection task by nocturnal sleep as well as a daytime nap, in a trained-feature 447 specific manner. Most of the previous studies, which tested offline performance gains in VPL 448 used a discrimination task, in particular, TDT. However, the present study clearly showed that 449 offline performance gains occur with a Gabor orientation detection task. This indicates that 450 offline performance gains are not specific to a discrimination task in VPL. 451
We found that regional sigma activity in early visual areas was significantly correlated 452 with performance change on the orientation detection task between before and after sleep. It was 453 shown that sigma activity was involved in the offline performance gain of a different task (TDT) 454 over sleep . Thus, it is possible that offline performance gain is commonly 455 associated with regional sigma activity during sleep in visual areas for VPL. In the present study, because early visual areas were the targeted regions for offline performance 463 gains of VPL over sleep, we extracted the strength of sigma activity that corresponds to the 464 frequency of sleep spindles from early visual areas. The precise causal relationship between 465 sigma activity and learning are yet to be clarified. However, it has been shown that stimulation 466 whose frequency corresponded to sleep spindles increases long-term potentiation (Rosanova and 467 Ulrich, 2005) . Thus, the present results support the idea that regional sigma activity in early 468 visual areas plays a crucial role in offline performance gains of VPL, possibly by increasing 469 regional plasticity in early visual areas during NREM sleep. 470
The general sleep quality, as indicated in the sleep efficiency and wake time after sleep 471 onset in Experiment 2 seemed to be lower in the present study in comparison to our previous 472 studies Tamaki et al., 2016) . Although this is beyond the scope of the present 473 study, we speculate that it might be caused by the light exposure from the display of the current 474 stimulus. It has been shown that light exposures before sleep lower the sleep quality and cause 475 more arousals during sleep (Czeisler et al., 1986; Czeisler et al., 1990; Khalsa et al., 2003) . As 476 such, it has been shown that playing a computer game with a bright display worsens the sleep 477 quality (Higuchi et al., 2005) . In one of our previous studies, which used TDT, the sleep 478 efficiency was about 90% (Bang et al., 2014) while the sleep efficiency was 74.6% in the present 479 study. We measured the luminance for these stimuli. Interestingly, the average luminance for one 480 trial of the Gabor orientation detection task used in the present study was 130.7± 3.28 cd/m 2 , 481 whereas that of TDT was only 0.4 ± 0.07 cd/m 2 . Thus, the current visual stimulus was much 482 brighter than the previous one, as the average luminance of the used visual stimuli was much 483 higher in the present than previous studies . We speculate that this may be the should have been a good correlation for each parameter with offline performance gains. In 497 addition, the results of Experiment 1 clearly showed that the interval that contained sleep led to 498 performance improvements, while the interval that included only wakefulness did not lead to 499 performance improvements. These results altogether demonstrate that offline performance gains 500 of an orientation detection task are a sleep-state dependent process. 501
In conclusion, the present study demonstrates that offline performance gains were found 502 after training on an orientation detection task. This indicates that offline performance gains are 503 not limited to discrimination tasks including TDT. The present results also suggest that regional 504 sigma activity plays a certain role in facilitation of VPL during sleep. 
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